The limited therapeutic arsenal and the increase in reports of fungal resistance to multiple antifungal agents have made fungal infections a major therapeutic challenge. The polyene antibiotics are the only group of antifungal antibiotics that directly target the plasma membrane via a specific interaction with the main fungal sterol, ergosterol, often resulting in membrane permeabilization. In contrast to other polyene antibiotics that form pores in the membrane, the mode of action of natamycin has remained obscure but is not related to membrane permeabilization. Here, we demonstrate that natamycin inhibits growth of yeasts and fungi via the immediate inhibition of amino acid and glucose transport across the plasma membrane. This is attributable to ergosterol-specific and reversible inhibition of membrane transport proteins. It is proposed that ergosterol-dependent inhibition of membrane proteins is a general mode of action of all the polyene antibiotics, of which some have been shown additionally to permeabilize the plasma membrane. Our results imply that sterol-protein interactions are fundamentally important for protein function even for those proteins that are not known to reside in sterol-rich domains.
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I n recent years, advances in the treatment of transplant recipients and patients with cancer or AIDS have been accompanied by a dramatic increase in the incidence of life-threatening fungal infections (1) . Sepsis, characterized by a whole-body inflammatory state, is the 10th most common cause of death overall, and the number of cases of sepsis caused by fungal organisms has doubled in 20 y (2, 3). Fungal infections are a major therapeutic challenge, because the therapeutic arsenal is limited and the use of drugs is restricted as a result of toxicity or unfavorable pharmacokinetic profiles. Fungal resistance has been turned into a global public health crisis, especially with fungi showing resistance to more than one antifungal agent (4, 5) . In contrast to many other antifungal agents, resistance to polyene antibiotics is considered an exceptionally rare event (4, 5) .The polyene antibiotics are the only group of antifungal antibiotics that directly target the plasma membrane via a specific interaction with the main fungal sterol, ergosterol (6) . Natamycin, a member of the polyene antibiotic family, is widely used in the food industry and in pharmacotherapy for topical treatment. Unlike other polyene antibiotics, the mode of action of natamycin is not based on the ergosterol-dependent permeabilization of the plasma membrane (7) . However, the immediate cessation of growth of yeasts by natamycin treatment indicates that there might be an instantaneous effect of natamycin at the level of the plasma membrane (7), which also contains the highest levels of ergosterol (8) . Both the rapid action and lack of pore formation lead us to the hypothesis that natamycin may target plasma membrane proteins in an ergosterol-based manner.
Results
We performed transcriptome analysis on germinating conidia of the fungus Aspergillus niger to identify proteins that may be targeted by natamycin. Germination of these conidia has previously been shown to be blocked by natamycin (9) . In the analysis, we focused on the effect of natamycin on transcription of plasma membrane proteins. The most prominent plasma membrane proteins in these germinating spores that were affected in their transcription by natamycin treatment were transport proteins. The majority of sugar and amino acid transporters especially showed a clear tendency of up-regulation in the presence of natamycin. (Table 1 ). The individual gene regulations of 20 and 31 genes for the sugar and amino acid transporters, respectively, are shown in Table S1 . An examination of a subselection of the 29 most strongly up-regulated sugar and amino acid transporters after treatment with natamycin shows that the increase in expression was dose-and time-dependent (Fig. 1) . Overall, these results show that conidia react to treatment with natamycin by up-regulating many sugar and amino acid transporters. The expression of other membrane proteins was also affected, resulting in either increased or decreased levels of expression (Table S2 ). For some membrane proteins, the expression was only slightly affected. These data demonstrate that the binding of natamycin to ergosterol has a strong effect on the expression of a subset of plasma membrane proteins.
Next, we determined whether the up-regulation of plasma membrane proteins is attributable to a direct effect of natamycin on the functioning of these proteins. For this, we used the yeast Saccharomyces cerevisiae, which is a well-described model system to study functioning of membrane transport proteins (10) (11) (12) . First, we examined the effects of natamycin on the plasma membrane transporter Can1p. This protein specifically transports arginine into the cell via proton/arginine symport (10) . The uptake of arginine was determined in yeast cells that were incubated with different concentrations of natamycin. Fig. 2A shows that natamycin causes a dose-dependent decrease in the uptake of arginine, which was complete at 20 μM natamycin. This can be attributable to either natamycin-dependent inhibition of the transport process or natamycin-induced leakage of arginine. This was examined by allowing the cells to take up arginine for 8 min, after which natamycin was added. Natamycin addition immediately blocked uptake without causing release of the arginine that had already been taken up (Fig. 2B ). This indicates that natamycin directly inhibited the arginine import. Next, we tested the effect of natamycin on the growth and the viability of the yeast cells under identical conditions as used during the arginine uptake assay (Fig. S1 ). These results show that natamycin inhibits arginine uptake at concentrations that inhibit cell growth but without killing the cells. In addition, we could show that natamycin-induced blockade of arginine uptake in yeast cells can be reversed (Fig. S2A) . However, relieving the blockade in arginine uptake does not result in immediate regrowth of the yeast culture (Fig. S2B ). This suggests that natamycin also affects other plasma membrane proteins that possibly take longer to recuperate after removing the natamycin pressure on the outside of the cells, which is supported by the transcriptome analysis. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: e.j.breukink@uu.nl.
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Next, the effects of natamycin on the transport of two other substrates (glucose and proline) were determined. Glucose is transported in yeast via hexose transporters, and of the 20 genes that encode these proteins, 7 are known to encode functional glucose transporters. All of them transport their substrates by passive, energy-independent, facilitated diffusion, with glucose moving down the concentration gradient (12) . Proline can be taken up by a specific high-affinity permease Put4p or the general amino acid permease Gap1p, both of which are regulated by nitrogen (10, 13) . Other low-affinity systems are also present, such as Agp1p and Gnp1p (13) . The uptake of glucose and proline was completely blocked by the addition of natamycin (Fig. 3) at similar antibiotic-to-cell ratios that blocked arginine uptake. These results show that natamycin blocks the uptake of several important nutrients over the plasma membrane of yeast and indicate that natamycin can inhibit different membrane transport proteins.
Because the effect of natamycin on transcription of the sugar and amino acid transporters was shown in germinating conidia of A. niger, we adapted the arginine, proline, and glucose uptake assays to these conidia. Fig. 4 shows that natamycin is also able to inhibit the import of all tested substrates in germinating A. niger conidia after only a 5-min incubation. After 5 h of incubating the conidia with natamycin, the inhibition of the uptake of the amino acids was at its maximal level, whereas the conidia seemed to be able to recuperate partially from the blockade in glucose. The twofold general increase in the expression of sugar transporters over that of the amino acid transporters may be the reason for this (Table 1 ). These results show that natamycin is able to block the uptake of different substrates in baker's yeast as well as in fungal conidia. Taken together, these data demonstrate that natamycin has a general effect on transport proteins and that the binding of ergosterol by the antifungal has dramatic effects on the expression and functioning of membrane proteins.
Discussion
Natamycin is the only member of the polyene antibiotic family that does not exert its antifungal action by forming pores and permeabilizing the plasma membrane. It does, however, require binding to the same lipid receptor, ergosterol, as other polyene antibiotics. We have found that on binding ergosterol in the plasma membrane, natamycin is able to inhibit a broad class of essential membrane transport proteins without compromising the barrier function of the membrane.
The differences in substrate specificities, transport mechanisms, and lack of common domains/motifs of the amino acid and glucose transporters make it likely that natamycin inhibits these proteins Fig. 1 . Expression of a selection of sugar and amino acid transporters. The expression of 29 sugar and amino acid transporters that were most strongly upregulated on treatment with natamycin (>120 arbitrary units after 2 or 8 h) is shown. Together, these dominant transporters make up over 90% of the expression intensity of all sugar and amino acid transporters after natamycin treatment. A detailed description of the genes is provided in Table S1 . Expression values are given of conidia during different stages of germination (controls) or in the presence of natamycin at different concentrations. The data are given as fluorescence data from three independent microarray experiments. The gray values are significant below the P = 0.01 level.
via a general mechanism (11, 12, 14) . What these transporters do have in common is their similarity in length and hydrophobicity profiles (11, 15, 16) . Therefore, it is most likely that natamycin affects these proteins through alterations in membrane properties instead of inhibiting each protein involved in a specific way. Moreover, considering the amount of transport proteins that were up-regulated by natamycin treatment in addition to those tested in our assays, we propose that natamycin is able to block virtually all transport processes in the plasma membrane of fungi. Answering the question of how natamycin changes the membrane properties starts with the premise that the antibiotic action is attributable to binding to ergosterol (7), thereby affecting the functional properties the sterol has on membrane proteins either via ergosterol-rich domains (17) or more directly by interfering with a direct ergosterol-protein interaction. The different oxygen functions of natamycin may play a role in the latter mechanism, as is also suggested for other polyenes (6, 18) . A disruption of the equilibrium of free sterols to sphingolipids by natamycin may also be responsible for the inhibition of ergosterol-dependent protein functions because sterols and sphingolipids work together to carry out a wide variety of functions (19) .
The unique mechanism revealed in this study for natamycin may also be applicable to other polyene antibiotics that permeabilize the plasma membrane because these antibiotics all exert their action via binding to ergosterol. This is supported by the observation that nystatin affected properties of the arginine and glucose transporters in yeast plasma membrane vesicles (20) . Further, the amphotericin B methyl ester inhibited the replication, assembly, and release of HIV-1 by interfering with the ion channel viral protein U (VPU) (18, 21) . Microarray studies with S. cerevisiae clearly show an increase of expression of transport proteins on treatment with the polyenes amphotericin B and nystatin (22, 23) . However, membrane permeabilization by these polyene antibiotics does mask these effects as a result of the fast collapse of vital ion or substrate gradients.
Recently, studies from the laboratory of Burke have shown that deleting one hydroxyl group (at position 35) on the ring structure of such a pore-forming polyene antibiotic, amphotericin B, left this derivative unable to form pores but still able to bind ergosterol and to retain its antifungal activity to a significant extent (24). Gray et al. (24) concluded that amphotericin B primarily kills yeast by simply binding ergosterol and that membrane permeabilization via pore formation represents a second complementary mechanism. Earlier studies from the laboratory of Carreira showed that substituting the hydroxyl group at position 35 of the methyl-ester version of amphotericin B led to a significant but not complete reduction in K + efflux from model membrane vesicles (25, 26) . This finding pointed to the importance of this hydroxyl group for pore formation and led to the conclusion that channel formation is a necessary condition for the antifungal activity of amphotericin B. However, no explanation was given for the residual activity of the compound, and the residual membrane permeabilization that was observed in this study was likely attributable to an aspecific effect caused by the positively charged nature of the methyl-ester version of the Carreira group, as previously suggested (24) . Interestingly, the antifungal activity of natamycin is comparable to the activities of both amphotericin derivatives (24, 26) . This implies that these amphotericin B derivatives are also able to inhibit a broad class of essential membrane transport proteins by binding to ergosterol, thus explaining their antifungal activities. This is strengthened by the observation that both natamycin and the variant of amphotericin B of the Burke laboratory require ergosterol for interacting with the membrane and executing their antifungal activity (7, 24) . Amphotericin B may therefore be a good example of a polyene antibiotic that, via the binding of ergosterol, has a dual mode of action by inhibiting membrane proteins and permeabilizing the plasma membrane. A similar dual mode of action has been observed before in antibacterial lantibiotics that are able to block cell wall synthesis and form pores (27, 28) . Likewise, the antibiotics chloramphenicol and tetracycline were shown to act both by inhibiting protein synthesis and by blocking protein translocation into the bacterial membrane (29) (30) (31) . Because natamycin is the only natural family member known that does not permeabilize the membrane, it is the ideal candidate to study this previously undescribed basic mode of action of the polyene antibiotics further. This unique mode of action by completely blocking the transport function of many (if not all) membrane proteins via binding to a specific lipid receptor in the fungal membrane implies that sterol-protein interactions are fundamentally important for protein function even for those proteins that are not known to reside in sterol-rich membrane domains.
Experimental Methods
A unique RNA extraction method for conidia of A. niger was developed resulting in high-quality intact RNA. Full experimental details are included in SI Experimental Methods. RNA samples from three independent biological replicates were used for hybridization of Affymetrix microarray chips representing 14,509 ORFs of A. niger. Each experiment had conidia pooled from three cDNA labeling experiments. Microarray hybridization and scanning were performed at ServiceXS (Leiden, The Netherlands) according to Affymetrix protocols. The Functional Catalogue (Munich Information Center for Protein Sequences) (32) was used for systematic classification of genes according to their cellular and molecular functions (33) .
Transport assays for arginine, glucose, and proline in S. cerevisiae were based on the methods of Robl et al. (10) and Malínská et al. (34) . The uptake of arginine was determined in yeast cells that were incubated with different concentrations of natamycin. The substrate uptake assays in fungal conidia were performed in a similar way to the assays with baker's yeast to allow a comparison of the results. Full experimental details are included in SI Experimental Methods.
